[1] We investigate the lithospheric and upper mantle shear wave velocity structure and the depth-dependence of anisotropy along the Red Sea and beneath the Arabian Peninsula using receiver function constraints and phase velocities of surface waves traversing two transects of stations from the Saudi Arabian National Digital Seismic Network. Frequency-dependent phase delays of fundamental-mode Love and Rayleigh waves, measured using a cross-correlation procedure, require very slow shear velocities and the presence of anisotropy to depths of at least 180 km in the upper mantle. Linearized inversion of these data produce path-averaged 1D radially anisotropic models with $4% anisotropy in the lithosphere and across the lithosphere-asthenosphere boundary (LAB). Models with reasonable crustal velocities in which the mantle lithosphere is isotropic cannot satisfy the data. The lithosphere, which ranges in thickness from about 70 km near the Red Sea coast to about 90 km beneath the Arabian Shield, is underlain by a pronounced low-velocity zone with shear velocities as low as 4.1 km/s. Forward models of azimuthal anisotropy, which are constructed from previously determined shear wave splitting estimates, can reconcile surface and body wave observations of anisotropy. The low shear velocities extend to greater depth than those observed in other continental rift and oceanic ridge environments. The depth extent of these low velocities combined with the sharp velocity contrast across the LAB may indicate the influence of the Afar hot spot and the presence of partial melt beneath Arabia. The anisotropic signature primarily reflects a combination of plate-and density-driven flow associated with rifting processes in the Red Sea. 
Introduction
[2] Knowledge of the lithospheric and upper mantle structure beneath the Arabian Peninsula and the Red Sea has important implications for understanding the processes associated with continental rifting. Rifting of the Red Sea began about 30 Ma, separating the western edge of the Arabian Plate from Africa [Camp and Roobol, 1992] . Several studies have shown that large-scale extensional stresses initiated rifting in the Red Sea [Wernicke, 1985; Voggenreiter et al., 1988; McGuire and Bohannon, 1989] .
However, more recent work [Camp and Roobol, 1992; Ebinger and Sleep, 1998; Daradich et al., 2003; Hansen et al., 2006 Hansen et al., , 2007 has illustrated that within the last 15-20 Ma, lithospheric thinning in the Red Sea has continued as a result of both extension and thermal erosion associated with asthenospheric flow originating from the Afar hot spot (Figure 1) .
[3] The Arabian Peninsula is composed of the western Arabian Shield and the eastern Arabian Platform (Figure 1 ). The Shield is composed of Proterozoic island arc terranes that were accreted together 600-900 Ma, and basement rocks in this region have little to no sediment cover. However, the Proterozoic basement rocks in the Platform are covered by up to 10 km of Phanerozoic sediments [Stoeser and Camp, 1985] . Numerous studies have provided details on the crustal and upper mantle structure beneath the Arabian Peninsula. Seismic body and surface wave tomography studies [Debayle et al., 2001; Benoit et al., 2003; Julià et al., 2003; Nyblade et al., 2006; Tkalčić et al., 2006; Park et al., 2007] have shown that the upper mantle beneath the Arabian Shield and the Red Sea is anomalously slow, most likely associated with a broad thermal anomaly, and that velocities increase toward the continental interior. Regional waveform modeling [Rodgers et al., 1999] showed that the Arabian Platform has relatively low crustal P-and S-wave velocities (V P = 6.07 km/s, V S = 3.50 km/s) compared to the Arabian Shield (V P = 6.42 km/s, V S = 3.70 km/s). However, below the Moho, seismic velocities in the Shield (V P = 7.90 km/s, V S = 4.30 km/s) are slower than in the Platform (V P = 8.10 km/s, V S = 4.55 km/s). P-and S-wave receiver functions reveal a shallow Moho ($20 km) and lithosphere-asthenosphere boundary (LAB, $60 km) along the Red Sea coast, both of which become deeper toward the Arabian interior [Sandvol et al., 1998; Al-Damegh et al., 2005; Hansen et al., 2007] . Crustal thickness reaches a maximum of 40-45 km beneath the central Arabian Shield and Platform. The lithospheric thickness is about 120 km beneath the central Arabian Shield; however, at the ShieldPlatform boundary the lithospheric thickness increases to about 160 km. At most examined stations, a pronounced lowvelocity zone (LVZ) underlies the lithospheric lid, and the LAB is associated with an approximate 6% V S decrease [Tkalčić et al., 2006; Hansen et al., 2007] .
[4] Upper mantle anisotropy beneath the Arabian Peninsula has also been explored using teleseismic shear wave splitting [Wolfe et al., 1999; Hansen et al., 2006] . This anisotropy most likely arises from the lattice-preferred orientation (LPO) in peridotite rocks, where the fast axis (f) corresponds to the olivine crystallographic a-axes [100] and the delay time (dt) represents the shear velocity difference integrated over depth [e.g., Silver, 1996] . Most of the splitting observations across Arabia show a very consistent pattern, with a north-south oriented f and dt averaging about 1.4 s (Figure 1) . Hansen et al. [2006] concluded that the anisotropy reflects combined plate-and density-driven flow in the asthenosphere. While the lithosphere, especially near the Red Sea coast, is not thick enough to generate the observed dt, a lithospheric component cannot be completely ruled out as the Proterozoic terranes composing the Arabian Shield mainly strike north-south. Therefore some of the observed splitting might be attributed to fossilized structure associated with the assembly of the Shield. Fairly good back-azimuth coverage was obtained with the examined phases, with the largest azimuthal gap between 115°-210°. No evidence for multiple anisotropic layers was observed [Hansen et al., 2006] so if anisotropy is present in both the lithosphere and asthenosphere, the f in both regions must be similar.
[5] In this paper, we further characterize the lithospheric and upper mantle structure as well as the anisotropy along the Red Sea and beneath the Arabian Peninsula by jointly inverting surface wave delay times and receiver function constraints. Fundamental-mode surface wave observations are sensitive to vertical velocity averages while receiver functions are sensitive to velocity contrasts and vertical traveltimes [Julià et al., 2003] . Combining their complementary information provides tighter constraints on the shear wave velocity structure. Discrepancies between the Love and Rayleigh wave velocities at different frequencies also allow us to determine the depth distribution of radial anisotropy. We apply this approach to eight regional earthquakes which produced surface waves that traversed two distinct transects along the Red Sea and interior Arabian Peninsula. Phase delays of Love and Rayleigh waves from these events, along with Moho and LAB-generated S-P times from S-wave receiver functions [Hansen et al., 2007] , are inverted to evaluate the depth-dependent seismic velocity and anisotropy structure beneath these two transects. Additionally, forward models of azimuthal anisotropy are examined to evaluate whether estimates derived from shear wave splitting can also satisfy the surface wave data. Our inversion results demonstrate that the lithospheric lid along each transect is underlain by a pronounced LVZ, with V S as low as 4.1 km/s, and that anisotropy is required in both the lithosphere and asthenosphere. Forward models can reconcile surface and body wave observations of anisotropy and support the conclusions of Hansen et al. [2006] that anisotropy is dominantly controlled by flow in the asthenosphere.
Surface Wave Traveltimes
[6] We analyze surface-wave traveltimes from eight moderate-sized earthquakes which occurred to the northwest of Arabia (Figure 2 ). These events ranged in magnitude from 5.5 to 6.2. Three-component seismograms were recorded by stations of the Saudi Arabian National Digital Seismic Network (SANDSN ). For this study, we focus on two transects of SANDSN stations. The first transect includes 16 stations covering approximately a 250 km wide span adjacent to the Red Sea, while the second Figure 2 . Map showing SANDSN stations from the Red Sea transect (white triangles) and interior transect (black triangles) along with the eight regional earthquakes used in this study. All eight earthquakes (circles) were examined at stations in the Red Sea transect, but only the four most eastern earthquakes (half black, half white circles) were examined at stations in the interior transect. Bold, dashed line shows the boundary between the Arabian Shield (AS) and Arabian Platform (AP). Names of the first and last stations along each transect are listed as are the earthquake IDs. Additional information about these earthquakes is provided in the legend. transect includes 4 stations located further inland on the Arabian Peninsula (Figures 1 and 2 ). All eight events were examined at stations along the Red Sea transect since these events and stations share a fairly common great circle path. However, seismograms for only the four most eastern events were examined at stations along the interior transect since the remaining events were further off this transect's great circle orientation (Figure 2 ). The seismograms were rotated into the receiver-source coordinate system and bandpass filtered between 5 and 50 mHz. In general, the SANDSN data are of excellent quality and all events produced high signal-to-noise (S/N) ratio surface waves in this band. Full synthetic seismograms were also calculated for all eight events at a center frequency of 35 mHz using a normal-mode technique and a modified version of the IASP91 Earth model [Kennett and Engdahl, 1991] , assuming mechanisms obtained from the Global CMT catalogue. The synthetics were convolved with the appropriate instrument responses and filtered like the data.
[7] Frequency-dependent traveltimes were measured using a cross-correlation procedure [Gee and Jordan, 1992; Gaherty et al., 1996; Gaherty, 2004] . This method uses a synthetic target wave group (in this case, synthetic fundamental mode surface waves) to estimate phase delays of the observed arrival relative to the synthetic as a function of frequency. The synthetic wave group, called an isolation filter, is cross-correlated with both the data and the full synthetic seismograms. The resulting cross-correlagrams are then windowed and narrow-band filtered at discrete frequency intervals (10, 12.5, 15, 17.5, 20, 25, 30, and 38 mHz), and the phase of each correlagram is estimated at each frequency. Phase delays are determined by subtracting each synthetic-/isolation-filter phase from the corresponding data-/isolation-filter phase, which helps to minimize any potential bias associated with windowing and filtering. Again, the synthetic seismograms and therefore the phase delay measurements were made using the IASP91a model (Figure 3) , in which radial anisotropy in the upper 200 km has been added to the isotropic IASP91 structure [Kennett and Engdahl, 1991] . Sensitivity kernels associated with each phase delay were also calculated. These kernels are specific to each observation and account for interference from unmodeled phases [Gaherty et al., 1996] . This analysis was applied to all Love and Rayleigh wave data and each observation provides sensitivity to the path-averaged crustal and mantle structure. Generally, the two highest frequencies are dominated by the crustal structure, the 15-25 mHz bands are sensitive to the mantle lithosphere and upper asthenosphere, and the lowest frequencies provide sensitivity in the asthenosphere down to a depth of about 300 km (Figure 3) . Reference model for all kernels is IASP91a; kernels shown all correspond to observations from event 00042112 at a station near the front-end of the Red Sea transect. The kernels are with respect to the most sensitive model parameter for each wave type, i.e., the Rayleigh wave kernel is for V SV and the Love wave kernel is for V SH . These kernels give a feel for the depth sensitivity of the phase-delay observations at different frequencies, with higher frequencies sensitive to the shallower depths. Rayleigh waves sample deeper than Love waves at the same frequency. The kernels are negative because an increase in velocity leads to a decrease in phase delay [Gaherty et al., 1996] . (b) Kernels for observations with center frequency of 10 mHz, which are sensitive well into the asthenosphere. (c) Kernels for 17.5 mHz observations, which are sensitive primarily to the upper asthenosphere. (d) Kernels for 38 mHz, which are most sensitive to crustal structure.
sponds to station QURS and the largest distance near 9°c orresponds to station AFFS (Figures 2 and 6 -7). A positive phase delay indicates that the observation is late relative to the arrival time predicted by the synthetic data. Several important observations are worth mentioning. First, there is a fair amount of scatter in the data, especially along the Red Sea transect, and this scatter tends to be somewhat more substantial at lower frequencies. Much of the scatter is probably due to the fact that the earthquakes and stations do not lie on exactly the same great circle path. Additionally, scatter likely results from lower S/N ratios at lower frequencies from the moderate-sized events examined. Yet, despite the data scatter, the Love and Rayleigh wave delay times show a clear increase with increasing distance in most frequency bands, indicating that the velocities below the examined stations are much slower than those of the reference model. The interior transect (Figures 6 and 7) includes fewer observations, but smaller phase delay trends along this transect indicate faster velocities in the Arabian interior relative to the Red Sea.
[9] To model the phase delay observations, an arraybased analysis scheme is employed [Freybourger et al., 2001] . In this approach, the delay time at the first station along each examined transect is sensitive to the source location, origin time, initial phase, and structure outside the array of stations, while variations in delay time along the transect reflect structure beneath it. It is assumed that the individual source-receiver paths travel a similar great circle azimuth, which is not strictly true for the examined events. Raypaths from the events to a common station are furthest apart near the source, but there is still some variation once the station is reached. While this spread leads to a fair amount of data scatter along each transect (Figures 4 -7) , clear phase delay trends are still readily observed in all Figure 4 . Frequency-dependent phase delays (travel times) of all observed fundamental mode Love waves relative to IASP91a, plotted as a function of distance along the Red Sea transect. Open symbols represent raw observations from each event while solid, red symbols represent the data after they have been corrected for structure outside the transect by subtracting the delay that accumulates between each event and the first station, using the P1 path model shown in Figure 8 . Error bars represent a priori estimates based on S/N ratio and frequency. Horizontal line marks a phase delay of zero. Bold red and gold lines show the fit of preferred subarray models RS and RSsw in Figure 9 , respectively. Bold green lines show the fit of model RS when this model is forced to return to IASP91a at 180 km depth. Note the variation at lower frequencies. Each panel presents observations at a specified frequency, ranging from 10 to 38 mHz. frequency bands. Therefore the geometry was accepted as being close enough for an array-based approach.
[10] Two structural regimes were established for each examined transect. The structure between the events and the first station in each transect is characterized by an average path model. The phase delays across each transect (from the first to the last station) characterize the average subarray structure. Modeling of the subarray structure takes two forms. First, the phase-delay observations along each transect are inverted for radially anisotropic models of the upper mantle. Then, azimuthally anisotropic models are constructed based on the shear wave splitting results of Hansen et al. [2006] and on estimates of intrinsic peridotite elasticity. Using the sensitivity kernels for the observations, forward modeling is used to evaluate whether the splittingderived models can also satisfy the surface wave data. These different modeling approaches will be described in detail in the following sections.
Inverse Models of Radial Anisotropy
[11] The phase delay data are inverted for 1D pathaveraged models of radial anisotropy using a linearized least squares method [Freybourger et al., 2001] . Radial anisotropy represents the simplest parameterization that can satisfy the Love-Rayleigh discrepancy [e.g., Dziewonski and Anderson, 1981; Gaherty et al., 1999] . While these models are transversely isotropic and cannot explain the shear wave splitting data, they provide a way to quantify the depth distribution of the anisotropic structure affecting the surface waves and the relationship of this structure to discontinuities and features of the mantle [Gaherty et al., 1999] . The difference between the actual anisotropy and the radial average depends on the orientation of olivine alignment relative to the propagation direction along the examined corridors. For the two transects examined in this study, the LPO direction, inferred from shear wave splitting [Hansen et al., 2006] , is oblique to the propagation direction. With this orientation, the path-averaged radial anisotropy derived from the inversion will be similar to the azimuthal average of the local anisotropy along each examined transect [Maupin, 1985] .
[12] Each transect was inverted separately and the corresponding model space contains two structural regions. For the Red Sea transect, the phase delays are modeled by both a path model (P1), which describes the average Figure 5 . Same as Figure 4 , but for fundamental-mode Rayleigh waves. Note the misfit to the lower frequencies when model RS is forced to return to IASP91a at 180 km depth (bold green lines). This indicates that the LVZ beneath the Red Sea transect must extend to depths greater than 180 km. structure between the events and station ALWS, and a subarray model (RS), which describes the average structure between stations ALWS and FRSS. For the interior transect, the path model (P2) describes the average structure between the events and station QURS while the subarray model (INT) describes the average structure between stations QURS and AFFS. The models consist of five parameters of radial anisotropy (V PH , V PV , V SH , V SV , and h [e.g., Dziewonski and Anderson, 1981] ), but since the surface wave data are most sensitive to V SV and V SH , we will focus on these parameters. The structures for each transect (P1, RS, P2, and INT) are nominally independent, but nearly identical model and damping parameters ensure similarity.
[13] For each transect, a suite of models that fit the data equally well were found. Therefore a hypothesis testing approach was used to evaluate the characteristics of these models that are necessary to fit the data [Gaherty and Jordan, 1995; Gaherty et al., 1996; Gaherty, 2004] . Different distributions of seismic anisotropy were considered and the following hypotheses were tested for each transect.
[14] 1. The entire upper mantle (down to 300 km depth) is isotropic (with V PH = V PV , V SH = V SV , h = 1).
[15] 2. The anisotropy is concentrated between the Moho and the LAB (i.e., the lithosphere is anisotropic while the asthenosphere is isotropic).
[16] 3. The anisotropy is concentrated below the LAB (i.e., the asthenosphere is anisotropic while the lithosphere is isotropic).
[17] 4. Anisotropy is required throughout the entire upper mantle (i.e., both the lithosphere and asthenosphere are anisotropic).
[18] S-P vertical traveltimes to the Moho and LAB, determined by S-wave receiver functions [Hansen et al., 2007] , were also used in the inversions to provide additional constraints on the lithospheric structure beneath each transect. Since receiver functions are primarily sensitive to velocity contrasts and vertical traveltimes while surface wave observations are sensitive to vertical velocity averages, their combination helps to remove resolution gaps associated with each data set and results in models that are Figure 6 . Frequency-dependent phase delays (travel times) of all observed fundamental mode Love waves relative to IASP91a, plotted as a function of distance along the interior transect. Open symbols represent raw observations from each event while solid, red symbols represent the data after they have been corrected for structure outside the transect by subtracting the delay that accumulates between each event and the first station, using the P2 path model shown in Figure 8 . Error bars represent a priori estimates based on S/N ratio and frequency. Horizontal line marks a phase delay of zero and bold, red line shows the fit of preferred subarray model INT in Figure 9 . Each panel presents observations at a specified frequency, ranging from 10 to 38 mHz. consistent with both types of observations [Gaherty et al., 1999; Julià et al., 2003] . The receiver function data provide a layered framework for the model space while the surface waves constrain the velocity in that space, thereby reducing the tradeoffs between depth and velocity. From the S-wave receiver functions, stations along the Red Sea displayed average S-P times to the Moho and LAB of 4.22 and 8.57 s, respectively. Using assumed velocities, it was found that these times correspond to average depths of 31 and 65 km. Similarly, stations along the interior transect displayed Moho and LAB S-P times of 4.86 and 10.5 s, respectively, corresponding to average depths of 36 and 80 km [Hansen et al., 2007] . Inverting these S-P times with the wellconstrained velocities provided by the surface wave observations allows for more accurate determination of the seismic structure than either data set alone can provide.
[19] The hypothesis tests were performed independently for each region of the model space (P1, RS, P2, and INT). In all cases, goodness of fit was evaluated from formal estimates of normalized chi-square, variance reduction, and S-P time residuals as well as by visual inspection of the fit to the along-transect trends in phase delay, which is not necessarily captured by formal misfit estimates based on individual delay times. The preferred models explain over 90 percent of the variance along both transects relative to the reference model, and all S-P residuals are less than 0.5 s, which is well within the errors of the S-wave receiver function measurements.
[20] The preferred path models are shown in Figure 8 . P1 represents the average structure across the eastern Mediterranean, between the events and station ALWS (Figure 2 ). It is characterized by a 38 km thick crust and upper mantle velocities that are slightly slower than the reference model. Radial anisotropy is at a maximum ($4.4%) just below the Moho and decreases with depth. Although the area incorporated by this path model has been shown to display significant crustal thickness and velocity variations, the average values presented here are similar to the average values observed in previous studies [e.g., Di Luccio and Pasyanos, 2007] . P2 represents the average structure primarily across central Turkey, the eastern edge of the Mediterranean, and western Syria (Figure 2) . This model has a somewhat thinner crust than the P1 model and much slower upper mantle velocities. Only a small percentage of radial anisotropy ($2%) is required in the upper 80 km. However, it is important to note that the P2 model is critically constrained by event 00060602 recorded at station QURS (Figure 2 ). Any potential source errors associated with this event's location or origin time will dramatically affect the models associated with the interior transect; therefore the results obtained along the interior profile are not nearly as robust as those obtained along the Red Sea profile. This may also explain why the P2 model is so much slower than P1, though very low shear velocities beneath Turkey and western Syria have been observed in previous studies, perhaps associated with a thin, hot lithospheric Figures 4 -7 show the traveltime data across the array corrected for the appropriate path model (P1 or P2). If these path model corrections were perfect, the data would have a zero-second delay time at zero distance. Despite the data scatter on the Red Sea transect (Figures 4 and 5 ), the P1 model results in an average phase delay of 0 s for stations near zero distance across all Love and Rayleigh wave frequency bands. Again, for the interior transect (Figures 6 and 7) , the path corrections greatly depend on any measurement and source errors associated with the one event constraining the P2 model.
[21] Figure 9 displays the mean shear velocity and shear anisotropy for the preferred subarray transect models, and the solid red lines on Figures 4 -7 show the average fit of these models to the corresponding path-corrected phase delay data. Also shown on Figures 4, 5, and 9a is model RSsw, which is the preferred subarray model for the Red Sea transect that was obtained only using the surface wave delay times (without including the S-P constraints from the S-wave receiver functions in the inversion). RS is characterized by a 31 km thick crust with average crustal and lithospheric mantle V S of 3.74 and 4.42 km/s, respectively. The LAB, which is located at a depth of 72 km, is marked by a dramatic V S decrease, where the average V S drops to about 4.1 km/s (Figure 9a ). These boundary depths and velocities agree well with previous estimates obtained from waveform modeling and receiver functions [Rodgers et al., 1999; Al-Damegh et al., 2005; Hansen et al., 2007] . In addition, by comparing models RS and RSsw, it is clear that the low V S values observed in the LVZ are not artifacts of the lid structure imposed by the receiver function constraints. Tradeoffs between the crustal velocities and thicknesses as well as the lithospheric velocities in these two models lead to an average fit of the path-corrected phase delay data along the Red Sea transect that is almost identical (Figures 4 -5) . The surface wave observations alone cannot resolve the thin lithospheric lid; therefore, the approach of combining the complimentary surface wave and receiver function data better resolves the associated structure and the large velocity contrast associated with the LAB.
[22] The interior model (INT) is characterized by a 37 km thick crust with average crustal and lithospheric mantle V S of 3.65 and 4.47 km/s, respectively. The LAB along this transect is located at a depth of 92 km and is again associated with a dramatic V S decrease, down to about 4.2 km/s (Figure 9b ). Given the uncertainty with the associated path model (P2) and the limited number of surface wave observations included in the inversion, care must be taken in the interpretation of the INT model. Generally, the boundary depths obtained agree well with those determined from P-and S-wave receiver functions [Al-Damegh et al., 2005; Hansen et al., 2007] and support a thickening of both the crust and lithosphere toward the Arabian interior.
[23] The subarray models display positive (V SH > V SV ) shear anisotropy below the Moho with slight increases in the anisotropy at the LAB (Figure 9 ). On the more robust RS model, we observe 3.7% anisotropy in the lithosphere, increasing to 4.6% across the LAB. The anisotropy gradually decays with depth, and the model becomes isotropic by about 200 km. The lithospheric anisotropy is a necessity. Alternative models in which the entire upper mantle is isotropic or in which the anisotropy is concentrated in the asthenosphere push the crustal and upper mantle velocities to unreasonable values and therefore are rejected. The data fit is also improved by including anisotropy in the asthenosphere, but the maximum depth to which anisotropy extends is poorly constrained. The anisotropy could terminate as shallow as $120 km, but it may continue throughout the upper mantle.
[24] The range of models that fit the data equally well provides rough bounds on the model errors (Figure 9 ). For the Red Sea transect, the mean shear velocities are estimated to within about ±0.07 km/s and shear anisotropy is resolved to within about ±1 percent. The estimated error for the reported Moho and LAB depths is ±5 km. For the interior transect, uncertainties associated with the path model and limited data availability lead to errors that are about 2 to 2.5 times larger than those associated with the Red Sea transect. Additionally, the minimum depth of the base of the LVZ along the Red Sea transect was quantified by forcing the RS model (Figure 9 ) to return to IASP91a at different depths. Models with faster, IASP91a-comparable velocities at and above 180 km resulted in notable misfits to the low frequency Rayleigh wave data (Figures 4 -5) . Therefore the LVZ must extend to depths greater than 180 km. On the basis of this assessment, the LVZ could terminate as Figure 9 . Radially anisotropic shear velocity models of upper-mantle structure beneath (a) the Red Sea transect (RS) and beneath (b) the interior transect (INT), derived from inversion of surface wave delays and receiver function constraints. The gray shaded areas show the associated uncertainties reported in the text; however, quantification of the base of the LVZ also suggests that resolution below $210 km is poor. Also shown in (a) is model RSsw (red dashed curves), which is the preferred subarray model for the Red Sea transect obtained by only using the surface wave delay times (without including the receiver function S-P constraints in the inversion). In both (a) and (b), the left panel displays mean shear velocity (V S = (V SH + V SV )/2), while the right panel displays shear anisotropy (DV S = (V SH À V SV )/V s in percent). Reference model IASP91a is shown by the black dashed curves.
shallowly as 210 km; however, given the flexibility, the inversion maintains low velocities down to about 250 km.
Forward Models of Azimuthal Anisotropy
[25] Shear wave splitting results from Hansen et al. [2006] provide estimates of azimuthal anisotropy throughout Arabia (Figure 1 ). This anisotropy most likely arises from the lattice preferred orientation in peridotite rocks, where f corresponds to the olivine crystallographic a-axes [100] and the dt represents the shear velocity difference integrated over depth [e.g., Silver, 1996] . Assuming that the peridotite elasticity in Arabia is comparable to that observed in ophiolite outcrops and xenolith samples, the average dt of 1.4 s implies an anisotropic layer 100-350 km thick. The lower thickness estimate corresponds to strong anisotropy ($6%), like that observed in oceanic environments and ridge peridotites [Kawasaki and Kon'no, 1984; Ben-Ismail and Mainprice, 1998] . If the anisotropy is weaker ($2%), such as that observed in xenoliths from continental cratons [Peselnick and Nicolas, 1978; Ben-Ismail et al., 2001] , a thicker layer is necessary. These constraints provide endmember models which are considered in this section.
[26] The goal is to find an average 1D azimuthally anisotropic model that satisfies both the shear wave splitting observations from the SANDSN stations as well as the observed surface wave delay times. Models with different distributions of anisotropy were developed using the average f from the examined transects to specify the orientation of the local elasticity tensor. Layer thicknesses and elastic parameters were combined such that the resulting models produced the average 1.4 s dt observed. Using the surface wave partial derivative kernels and first-order perturbation theory [Montagner and Nataf, 1986] , the azimuthally anisotropic models were evaluated by calculating their predicted phase delay behavior for Love and Rayleigh waves propagating along the examined transects.
[27] Figures 10 and 11 display the path-corrected surfacewave phase delays at several frequencies along the Red Sea and interior transects, respectively, along with the predicted phase delay behavior of two azimuthally anisotropic models (Table 1) . The angle between f and the propagation direction is large enough that the V SH > V SV behavior is clear [Maupin, 1985] , and the model predictions match the data well. While many different distributions of azimuthal anisotropy are able to fit the trends equally well, the Figure 10 . Evaluation of azimuthally anisotropic models constructed from shear-wave splitting results of Hansen et al. [2006] , using the phase-delay behavior for Love (left panels) and Rayleigh (right panels) waves at frequencies most sensitive to structure between the Moho and 200-km depth (15 -25 mHz). Solid symbols represent surface wave observations along the Red Sea transect, corrected for structure outside the array and referenced to the isotropic average of RS. Curves represent predicted phase delays for the two different elastic structures in Table 1 (model 1: green curve, model 2: red curve).
inversion results (RS and INT) illustrate the importance of anisotropy in both the lithosphere and asthenosphere. Therefore we favor the azimuthally anisotropic models that had both a lithospheric and asthenospheric contribution (Table 1 and Figures 10 and 11 ).
Discussion

Shear Velocities
[28] Our velocity models (Figure 9 ) illustrate that the LAB beneath Arabia is associated with a dramatic V S decrease in the asthenosphere, required to fit the positive phase delay observations and LAB S-P times (Figures 4-7) . The minimum V S ranges from about 4.1 km/s near the Red Sea to about 4.2 km/s in the Arabian interior. Tkalčić et al. [2006] , who jointly inverted surface wave group velocities and P wave receiver functions, found minimum V S of about 4.0 km/s near the Red Sea and 4.3 km/s in the interior, agreeing well with the velocities inferred in this study. Modeling of S-wave receiver functions found similar sub-LAB velocities, averaging about 4.2 km/s [Hansen et al., 2007] . Figure 12 compares the preferred Red Sea model (RS, Figure 9 ) from this study to one-dimensional profiles extracted from both the regional surface wave tomography model of Park et al. [2008] as well as the global CU Boulder model CU_SRT1.0 [Barmin et al., 2001 ]. Differences in model parameterization and choice of data make this comparison difficult. The corridor approach chosen for the RS model averages the structure along the Red Sea in a single 1D layered framework, but it specifically incorporates data that can provide localized sampling in a narrow zone along the margin. The tomographic models provide smooth 3D varia- Figure 11 . Same as Figure 10 , but now the solid symbols represent surface wave observations along the interior transect, corrected for structure outside the array and referenced to the isotropic average of INT. tions, but with different spatial gridding: 2 Â 2°for the CU Boulder model and 50 Â 50 km for the regional model. Despite these differences, all three models clearly show that the Red Sea region is quite slow through the upper mantle compared to global average models such as IASP91. Park et al. [2008] report a broad, low-velocity region extending to a depth of 150 km everywhere beneath the Arabian Shield with a narrower low-velocity region along the Red Sea extending to depths greater than 150 km. This agrees very well with our findings. The CU_SRT1.0 model does not resolve the lithosphere-asthenosphere transition, but the average uppermantle velocities show a distinct trend from north to south that suggests very slow velocities in the southern Red Sea region. The RS model is consistently slower than the other models below $120 km depth. As discussed previously, the quantification of the base of the LVZ suggests that these velocities are robust to at least 180 km depth.
[29] Other continental rift environments also display low velocities similar to those observed in this study. Beneath the western Antarctic and Baikal rifts, V S in the LVZ reaches a minimum of about 4.2 km/s Yanovskaya and Kozhevnikov, 2003] . In the Gulf of California, a pronounced LVZ is inferred at about 70 km depth with V S up to 10% slower than the global AK135 reference model [Zhang et al., 2007, Figure 13] . Weeraratne et al. [2003] examined velocities beneath the east and west branches of the East African Rift in Tanzania and found a LVZ starting around 75 km depth, with the slowest velocities between 100-160 km. The minimum velocities are 12-20% slower than the Tanzanian craton, averaging about 3.9 km/s ( Figure 13 ). However, it should be noted that decreased raypath coverage reduced the resolution in the rifts, and Weeraratne et al. [2003] suggest that a 7 -8% velocity contrast is more reasonable. Back-arc spreading centers, such as that beneath north Fiji and Lau, also display very low seismic velocities, with V S as slow as 3.8 km/s [Xu and Wiens, 1997] . Similar low velocities to those inferred in this study are also seen in oceanic ridge environments. Relatively young seafloor along the East Pacific Rise is underlain by low V S (0 -4 Ma: V S = 4.0 km/s, 4 -20 Ma: V S = 4.2 km/s [Nishimura and Forsyth, 1989, Figure 13 ]) similar to that observed near the Red Sea. The minimum V S observe in our study is also similar to the V S found below 6 -10 Ma seafloor in the Kolbeinsey and south Azores segments and 4 -6 Ma seafloor in the south Ascension and Reykjanes segments of the mid-Atlantic ridge [Gaherty and Dunn, 2007, Figure 13] .
[30] It has been suggested that channelized flow from the Afar hot spot may be responsible for the low velocities observed beneath western Arabia and the Red Sea [Camp and Roobol, 1992; Ebinger and Sleep, 1998; Hansen et al., 2006 Hansen et al., , 2007 . The LVZ in our study extends to a depth of about 180 km, much deeper than the LVZ seen in other continental rift and oceanic ridge environments (Figure 13 ). Despite the data scatter, low shear velocities at depth are required to fit the strong positive trends in the lowest frequency phase delays (Figures 4 -5) . The depth extent of the LVZ may be a signature of the hot spot's influence. As the asthenosphere is fed by hot material from the Afar upwelling, that hot, buoyant material spreading northward may become trapped by lithospheric topography and surrounding tectonic boundaries. With only recent, slow spreading along the Red Sea Rift to efficiently cool this material, it may pond at the base of the lithosphere to form a ''thick'' asthenospheric layer. Such a ''plume-fed'' asthenosphere has been proposed by Phipps Morgan et al. [1995] as a mechanism to produce hot, weak asthenospheric mantle beneath the ocean basins on a global scale; our observation may provide support for this process on a regional scale.
[31] The presence of hot material associated with the Afar upwelling could also lead to some degree of partial melt beneath the Arabian Shield and the Red Sea, which would significantly lower the asthenospheric shear velocity and result in a high velocity contrast across the LAB, such as that observed here. Some recent studies [Faul and Jackson, 2005; Priestley and McKenzie, 2006] have argued that the increase in temperature with depth alone is sufficient to explain observed LVZs and that melt is not required. To obtain V S as low as those observed beneath Arabia, these models require very high attenuation (low Q) in the asthenosphere [e.g., Yang et al., 2007] . Little to no constraints on Q beneath Arabia are currently available, and while this will be explored in future work, it is beyond the scope of this study. Therefore we cannot conclusively determine if partial melt is present beneath western Arabia and the Red Sea, but the sharp velocity contrast across the LAB and the depth extent of the low V S observed suggest that the presence of partial melt is not unreasonable.
Seismic Anisotropy
[32] The subarray inversion models (RS and INT) display an average 4.0% anisotropy in the lithosphere, increasing to an average 4.8% anisotropy across the LAB. Generally, these percentages of anisotropy are similar to those observed for 5 -10 Ma seafloor in the Ascension and Azores segments of the mid-Atlantic Ridge [Gaherty and Dunn, 2007] . The change in anisotropy across the LAB is at the limit of our resolution (Figure 9 ), so care must be taken in the interpretation of this feature. However, similar increases in anisotropy at the base of the lithosphere have been observed in a number of oceanic [Gaherty et al., 1996; Plomerová et al., 2002] and continental [Plomerová et al., 2002] environments. The LAB is widely recognized as a mechanical and thermal boundary [e.g., Jordan, 1978 Jordan, , 1988 Poudjom Djomani et al., 2001] and has also been associated with an increase in electrical conductivity [Jones, 1999] . It is possible that the LAB may also be associated with a distinct change in seismic anisotropy [Plomerová et al., 2002] .
[33] Forward models of azimuthal anisotropy, based on shear wave splitting, also satisfy the surface wave delay times. Models with anisotropy in both the lithosphere and asthenosphere are favored since the inversion results required contributions from both of these regions. In these models, f in both layers is the same since examination of the shear wave splitting found no evidence for multiple anisotropic layers [Hansen et al., 2006] . Given the fairly good back-azimuth coverage of the shear wave splitting observations, this is an adequate approximation. The lithosphere, especially near the Red Sea coast, is not thick enough to generate the observed dt, but a lithospheric component cannot be completely ruled out by the splitting since the terranes composing the Arabian Shield may contain fossilized anisotropy with a similar north-south oriented f. If anisotropy is present in the lithosphere (as the surface wave data indicate), the thin lid makes any splitting contribution from this anisotropy small compared to that generated in the underlying asthenosphere. Therefore we believe that our anisotropic signature is dominated by anisotropy in the asthenosphere and is consistent with the interpretation of Hansen et al. [2006] that this anisotropy reflects a combination of plate-and density-driven flow associated with rifting processes in the Red Sea.
[34] In many environments, the anisotropic models derived from surface wave data are inconsistent with observed shear wave splitting [e.g., Montagner et al., 2000; Freybourger et al., 2001; Gaherty, 2004; Debayle et al., 2005] . These studies, which examine continental cratons, must explain their observations with two very different layers of anisotropy: a shallow lithospheric layer that generates the Love-Rayleigh wave discrepancy and a deeper asthenospheric layer that generates the shear wave splitting. Even when surface and body wave observations are simultaneously inverted [Marone and Romanowicz, 2007] , multiple anisotropic layers with different elastic properties are required to explain the anisotropy observed in cratonic regions. This is because surface and body waves do not ''see'' the same structure; their depths of sampling are quite different [e.g., Marone and Romanowicz, 2007] and they average small-scale structural heterogeneity in very different ways [e.g., Saltzer et al., 2000; Gaherty, 2004] . However, in tectonically active regions, like the western United States and central Asia, where large-scale tectonic processes are occurring, there is generally good agreement between the surface-and body wave anisotropy [Montagner et al., 2000; Davis, 2003; Yang and Forsyth, 2006 ; Marone and Figure 13 . Comparison of the Red Sea upper-mantle shear velocity model (RS, bold black curve) developed in this study with velocity models from other continental rift and oceanic ridge environments. Blue dashed curves: south Azores (6 -10 Ma, triangles) and south Ascension (4 -6 Ma, squares) sections of the mid-Atlantic ridge [Gaherty and Dunn, 2007] ; Pink dashed curves: 0 -4 Ma (triangles) and 4 -20 Ma (squares) seafloor along the East Pacific Rise [Nishimura and Forsyth, 1989] ; Red circles: Gulf of California [Zhang et al., 2007] ; Green circles: average velocities from the east and west branches of the East African Rift [Weeraratne et al., 2003] . Romanowicz, 2007] . Such agreement should only be expected in areas where there is limited lithospheric variation and large-scale shear wave splitting consistency [Montagner et al., 2000] . The Red Sea and central Arabian Shield meet this requirement as there is little contribution from the thin lithosphere to the observed shear wave splitting and the anisotropic signature is dominated by the asthenospheric component. Therefore in this region we are able to reconcile the body and surface wave anisotropy observations.
Conclusions
[35] We investigated the lithospheric and upper mantle shear-velocity structure and the depth-dependence of anisotropy along the Red Sea and beneath the Arabian Peninsula by modeling surface wave phase velocities and receiver function constraints along two transects of the SANDSN. The lithosphere, which ranges in thickness from about 70 km near the Red Sea coast to about 90 km beneath the Arabian Shield, is underlain by a pronounced LVZ with V S as low as 4.1 km/s. Similar low V S values have been observed in other continental rifts as well as oceanic ridge environments and back-arc spreading centers, but the LVZ in this study extends to much greater depth than the LVZs seen in other environments. The depth extent of the low V S and sharp velocity contrast across the LAB may indicate the influence of the Afar hot spot and the presence of partial melt. Radially anisotropic models require both lithospheric and asthenospheric anisotropy to fit the observed surface wave delays. Shear wave splitting observations and surface wave delay times can be reconciled by azimuthally anisotropic models, which are dominated by anisotropy in the asthenosphere resulting from plate-and density-drive flow associated with rifting in the Red Sea.
